Abstract. Nominally pure and rhodium-doped barium-calcium-titanate crystals of the congruently melting composition Ba 0.77 Ca 0.23 TiO 3 (BCT) are grown by the Czochralski technique. These crystals are characterized by holographic and conventional electrical experiments. The doped samples have an absorption maximum at 630 nm. They are hole conductive, and for intensities between 0.1 and 1 W cm −2 all properties are explained within a one-center charge-transport model. Two-beam-coupling gain factors up to 8 cm −1 are obtained, and doping with rhodium increases the effective trap density. Although diffusion is the dominant charge-driving force, bulk photovoltaic currents also occur which are especially pronounced in the range between 460 and 640 nm. Photorefractive rhodium-doped barium titanate (BaTiO 3 ) is infrared-sensitive. It has large self-pumped phase-conjugated reflectivities and high two-beam-coupling gains in this wavelength region [1][2][3]. Thus BaTiO 3 :Rh is of special interest for many applications, for example, self-pumped phase conjugation in advanced laser systems [4] or laser-beam cleanup via two-wave mixing [5]. The infrared sensitivity is caused by Rh 3+/4+ and Rh 4+/5+ , which absorb light at the wavelengths 650 nm and 780 nm, respectively [6]. The chargetransport situation can be explained in terms of a threevalence model [6][7][8].
PACS:
Photorefractive rhodium-doped barium titanate (BaTiO 3 ) is infrared-sensitive. It has large self-pumped phase-conjugated reflectivities and high two-beam-coupling gains in this wavelength region [1] [2] [3] . Thus BaTiO 3 :Rh is of special interest for many applications, for example, self-pumped phase conjugation in advanced laser systems [4] or laser-beam cleanup via two-wave mixing [5] . The infrared sensitivity is caused by Rh 3+/4+ and Rh 4+/5+ , which absorb light at the wavelengths 650 nm and 780 nm, respectively [6] . The chargetransport situation can be explained in terms of a threevalence model [6] [7] [8] .
In 1997 first results about barium-calcium titanate single crystals of the congruently melting composition Ba 0.77 Ca 0.23 TiO 3 (BCT) were published [9] . These crystals are ferroelectric at room temperature (point group 4mm) and occur in the same symmetry group as BaTiO 3 . BCT has promising properties: the electro-optic coefficients r 113 and r 333 are 30 and 130 pm/V for green light (wavelength 514.5 nm) [10] . These values are larger than those of BaTiO 3 (8 and 105 pm/V, respectively [11] ). Furthermore, there is no phase transition tetragonal-orthorhombic at least down to −120
• C . BaTiO 3 has such a phase transition at about 9 • C. Passing the phase transition may destroy the crystal. Moreover, BaTiO 3 is typically grown from a solution containing an excess of TiO 2 . BCT melts congruently, which enables faster growth of larger and more homogeneous samples.
Whether rhodium-doped BCT is a real alternative to BaTiO 3 :Rh depends on the photorefractive properties of this new material. First experiments with undoped and iron-doped BCT samples showed that the photorefractive properties are comparable with those of BaTiO 3 [10, 12] . A respectable two-beam-coupling gain factor of up to 7 cm −1 and a response time of about 0.5 s at 1 W cm −2 were measured. The dark storage time increases from 6 min to 3 h upon a slight reduction treatment.
In this contribution a detailed characterization of nominally undoped and rhodium-doped crystals by holographic and conventional electrical experiments is presented. Absorption coefficients, refractive-index changes, two-beamcoupling gain factors, photoconductivities, dark conductivities, and bulk-photovoltaic current densities are measured. The aim is to explore whether the one-center model is applicable for explaining the photorefractive properties, and to find out whether rhodium doping improves the photorefractive performance of BCT.
Experimental methods

Crystals
Barium-calcium-titanate crystals of the congruently melting composition Ba 0.23 Ca 0.77 TiO 3 (BCT) are grown by the Czochralski technique at 1592
• C [13] . The pulling rate is 0.7 mm/h. A more detailed description of the crystal-growth procedure is given in [9] . Doping is performed by adding Rh 2 O 3 to the melt. Crystals with 0, 100, 220, 370, 600, 1000, and 2000 ppm Rh in the melt are fabricated. They are cut in pieces of (100) orientation and all surfaces are polished to optical quality. Heating to 120
• C and cooling down to room temperature with an external electric field of 1.6 kV/cm applied along the c axis yields single-domain samples. The undoped sample is faint yellow, and the doped samples have a green-blue coloration. Typical dimensions are 2 × 3 × 4 mm 3 . During all experiments the light propagates along the a direction.
Absorption spectra are measured with a CARY-17D spectrometer, and the results are shown in Fig. 1 . The light has an intensity of 0.1 mW cm −2 and is ordinarily polarized. The 
Refractive-index changes and two-beam-coupling gains
A conventional holographic setup is used for measuring the refractive-index changes. Two ordinarily polarized plane waves of an argon-ion laser (wavelength 514.5 nm) interfere inside the sample and record an elementary hologram (overall intensity 0.2 W cm −2 , calculated modulation degree of the light pattern 0.96, grating vector aligned along the c axis). The extraordinarily polarized beam of a heliumneon laser (wavelength 632.8 nm, intensity 1.2 mW cm −2 ) is Bragg diffracted, and the diffraction efficiency, i.e., the ratio of the intensity of the diffracted wave and of the sum of the intensities of diffracted and transmitted waves, is measured. Kogelnik's formula [15] yields the corresponding refractive-index change. The hologram is erased by an ordinarily polarized off-Bragg beam of the argon-ion laser. The decay yields the Maxwell time τ M , and the photoconductivity σ ph as well as the dark conductivity σ d are obtained according to σ ph,d = 0 /τ M . Here = 240 is the dielectric coefficient [9] and 0 is the permittivity of free space.
The two-beam-coupling gain factor Γ is measured by interference of two extraordinarily polarized plane waves inside the sample (intensity ratio 1:100, overall intensity 0.2 W cm −2 ). In order to investigate the two-beam-coupling gain for various wavelengths an argon-ion laser (wavelength 514.5 nm) and a titanium-sapphire laser (wavelength 750-940 nm) are used. The light intensities behind the sample are measured by photodiodes, and Γ is calculated accord-
Here d is the thickness of the crystal, and I R,S and I R,S are the intensities in front of and behind the sample, respectively.
In all holographic experiments an active heat control allows us to keep the crystal temperature constant at a desired value between 30
• C and 50
• C. The accuracy is ± 0.1 • C. The experiments are performed at 30
• C if nothing else is mentioned. The crystal surfaces perpendicular to the polar c axis are contacted with silver-paste electrodes, and external electric fields up to 8 kV/cm are applied.
Photovoltaic currents
The sample is illuminated with ordinarily polarized light generated by a 1-kW xenon-arc lamp in combination with a grating monochromator. The light intensity can be varied between 0.02 and 15 mW cm −2 by neutral density filters. The surfaces of the sample perpendicular to the polar c axis are contacted with silver-paste electrodes and bulk-photovoltaic current densities are determined by measuring the current through the short-circuited sample.
To reduce electrical noise and pyroelectric currents, special care is taken to ensure electrical shielding and temperature stability. The crystals are kept at room temperature. Light-induced heating of the crystals is negligible (less than 1
• C), because of the small light intensities used. After changing the wavelength or the light intensity we wait at least five minutes until the transient pyroelectric currents disappear. A more detailed description of the setup and the measuring procedure is given in [16] .
Experimental results
Refractive-index changes and two-beam-coupling gains
Samples doped with 0, 370, 600, and 2000 ppm rhodium are investigated with the holographic setup described above. The dependences of the saturation values of the refractiveindex changes ∆n S on the external electric field E 0 and on the spatial frequency K for the sample doped with 370 ppm rhodium are shown in Figs. 2a and 2b , respectively. The ∆n S values grow with increasing E 0 . For E 0 < 1.5 kV/cm the ∆n S values grow also with increasing K , but for larger E 0 a decay of ∆n S is observed. The point of intersection is at E 0 = 1.5 kV/cm. This intersection field grows with increasing rhodium concentration, and the decay of ∆n S with increasing K for large E 0 becomes less pronounced with increasing rhodium contents.
The dependences of the gain factor Γ on E 0 and K for the sample doped with 370 ppm rhodium are shown in Figs. 3a and 3b, respectively (wavelength 514.5 nm, extraordinary light polarization). The gain factor grows with increasing external field and spatial frequency. With increasing rhodium content, Γ depends less on E 0 and is more linear in K . The nominally undoped sample and the sample doped with 600 ppm rhodium show the same behavior of ∆n S (E 0 , K) and Γ (E 0 , K).
The wavelength dependence of the gain factor Γ for ordinarily and extraordinarily polarized light is presented in Fig. 4a . The Γ values decrease with increasing wavelength λ. The gain factors for extraordinary light polarization are about 2.5 times larger than the values obtained with ordinarily polarized light. The time constants τ wr of build-up of the beam-coupling signal versus light wavelength λ are
